The role of the substrate on the morphology of nanometer size clusters fabricated by buffer layer assisted growth (BLAG) was studied using scanning tunneling microscopy. Clusters of Fe and Co were deposited on Ag(111), Cu(100), Rh(111), and Pt(111) surfaces using identical BLAG parameters, which are temperature, as well as metal and buffer layer coverage. Semihemispherical clusters are found on Ag(111) and Cu(100), while flat monolayer high islands are observed on Rh(111) and Pt(111) due to complete wetting. The results of this study are in agreement with the common notion that BLAG is useful to deposit clusters of virtually any material on any substrate, however, the shape, size, and lateral distribution of the resulting clusters depend strongly on the substrate surface free energy and diffusion processes.
1 Introduction Metal clusters and small nanoparticles are currently in the focus of extensive research, as they can exhibit physical or chemical properties that are distinctively different from the properties of the bulk and in the limit of single atoms. This offers opportunities for fundamental research of the dependence of electronic, magnetic, catalytic, and other properties on size and local coordination, and has great potential for many applications. Clusters in contact with surfaces have properties that are not only dependent on their size alone, but also on the epitaxial orientation, lattice mismatch, bond formation, or electronic hybridization which all can, in principle, affect the properties of the cluster or the substrate [1] . The two commonly used techniques to deposit clusters onto a substrate under vacuum conditions are the soft-landing of clusters formed in the gas phase [2] , as well as noble gas buffer layer assisted cluster growth (BLAG) [3] [4] [5] . Both techniques are assumed to be suitable to form clusters of virtually any material on any substrate [6, 7] , since the clusters are formed in both methods before making contact with the substrate.
The BLAG has the advantage over the deposition of clusters from the gas phase that no experimental equipment other than standard molecular beam epitaxy (MBE) is required. BLAG-prepared clusters have been studied extensively in the past, as a function of buffer layer thickness or cluster material. Another advantage of BLAG is its ability to ''grow anything on anything'' [6, 7] , which was demonstrated on weakly interactive substrates with low surface free energies, e.g., carbon-based [8] , Si(111) [9] , or Au(111) [10] surfaces. Here, diffusion effects during physical vapor deposition of metals on the Xe were mainly discussed. It has been reported that isolated 3D clusters are obtained on the substrate with a cluster size distribution that depends mainly on the used amount of cluster material and on the thickness of the noble gas buffer layer.
In this work we study the cluster size and morphology after BLAG on different substrates using identical amounts of evaporated metal and noble gas coverages. We will show that the choice of the substrate is critical for the size and morphology of the clusters in contact with the substrates. Our key conclusions are that:
(a) The final cluster shape is governed by the surface free energy of the substrate. While for low surface energies semi-hemispherical clusters comparable to those reported in the literature are observed, partial or complete wetting is observed for substrates with higher surface free energy, resulting in flat, 2D islands. (b) Clusters are randomly distributed over the surface if the surface free energy is high. For lower surface free 2 Experimental The 3d, 4d and 5d metal substrates Cu(100), Ag(111), Rh(111), and Pt(111), are prepared using standard sputtering and annealing recipes and the cleanliness was checked using Auger electron spectroscopy (AES) and scanning tunneling microscopy (STM).
For the fabrication of 3d metal clusters we followed a procedure that is described in detail elsewhere [11] . In short, Fe or Co deposited on the substrate form small clusters on a substrate that has been pre-covered with a Xenon buffer gas layer at 35-40 K. Thermal desorption of the Xe at T > 100 K brings the clusters into contact with the substrate. The thickness of the Xe buffer layer is controlled by adjusting the Xe partial pressure and the exposure time. It has been demonstrated that a Xe gas flow of 5.5 Langmuir (1 L ¼ 10 À6 Torr Â 1 s) leads to the formation of 1 ML Xe, assuming a sticking coefficient of 1 at the deposition temperature of 35 K [5] . However, the sticking coefficient might become smaller with increasing Xe thickness especially due to a decreasing Xe-substrate interaction. Reliable measurements of the Xe coverage as a function of Xe exposure for large coverage are not available. We therefore quote the Xe coverage, m Xe , in units of Langmuir (L) throughout this work.
Fe and Co was evaporated from a rod with a purity of 99.99% using an electron beam evaporator. The deposition rates of the evaporators were calibrated by a quartz microbalance prior to each deposition. A nominal Fe coverage of m Fe ¼ 1 ML denominates an atomic density of 1.21 Â 10 15 atoms/cm 2 , which corresponds to the atomic density of a relaxed Fe bcc layer of 1.43 Å thickness. For Co, the relation 1 ML ¼ 1.6 Å was used. Imaging of the substrates and clusers was done with a variable temperature STM. Data evaluation was partially done with WSxM software [12] .
5,5 0 -bis(4-pyridyl)(2,2 0 -bipyrimidine) (PBP) molecules were evaporated from a crucible by resistive heating, while the substrate was held at room temperature. The evaporation temperature for PBP was about 500 K.
3 Results 3.1 Buffer-layer assisted growth on pristine metal surfaces The goal of the STM study in this section is to identify the dependence of the cluster morphology and distribution on the substrate material. To this end, Fe and Co clusters have been prepared on Ag(111), Cu(100), Rh(111), and Pt(111) substrates using 0.1 ML of Fe or Co and 10 L of Xe as buffer layer. All STM images shown were taken at room temperature and extracted cluster height distributions are summarized in Table 1 .
Summarized in Fig. 1 are the results for Fe clusters on Ag(111). The clusters exhibit a 3D semi-hemispherical shape, as can be seen from the line profile. Statistical data on the cluster height, i.e., the maximum z-height above the substrate terrace as obtained from several STM images, are also given in Fig. 1 . The histogram shows that the average height hhi of the clusters is about 3.4 Å corresponding to $2 ML of Fe. The full width half maximum (FWHM) of the height distribution is 3.8 Å . Moreover, the clusters seem to preferentially populate the top of the surface steps. The presence of mainly smaller clusters along the step-edges proves the presence of a considerable cluster mobility during or after the BLAG process.
Similar results are observed for BLAG on Cu(100), as can be seen in Fig. 2 . Also here, compact clusters are observed along with a decoration of the step-edges. The height histogram shows an average cluster height only $2.3 Å , which is lower than in the case of Ag(111) and corresponds to about 1-2 ML Fe. Also, the average cluster diameter is clearly reduced leading to an increased areal density on the surface. (111) the zoom-in in Fig. 4 shows that the decoration effect is significantly reduced. Here, only very few smaller clusters have migrated to the step-edge. Besides the larger clusters some small impurity-like clusters of sub-nanometer size are visible on both Rh(111) and Pt(111). All these observations indicate that the mobility of both single 3d atoms and clusters as a whole is significantly reduced or absent on Rh(111) and Pt(111). We observe an average height hhi ¼ 1.9 Å for Co on Pt, which corresponds to clusters of monolayer height. On Rh(111), however, the hhi amounts to only 0.9 AE 0.4 Å , which is less than the expected height of one monolayer of Fe. The absence of dislocation lines, despite the large lattice mismatch of À7.5% for Fe/Rh(111), is in agreement with observations published earlier [13] .
We conclude that the reduced cluster height to below 1 ML is the result of a relatively high electronic density of states of the Rh surface. An alternative explanation could be the intermixing alloy formation, where the alloy would appear with an apparent height different from that of a Fe monolayer. However, such alloy formation has not been reported at room temperature. Studies with angular resolved photoemission spectroscopy measurements (ARUPS) showed that Fe deposited at 300 K formed an alloy with Rh(111) only after annealing at 500 K [14] .
The final cluster shape observed with STM at room temperature is discussed on the basis of the surface free energies of the different substrates. Using the Young-Dupré (YD) formula for wetting processes at surfaces, the contact angle of a droplet can be estimated. This relation is often used for the growth of thin films at or near thermal equilibrium, but should also give a reasonable estimate for the wetting behavior of the 3d cluster. According to YD, the interfacial www.pss-b.com energy g 0 AB between two materials A and B can be expressed as:
where g 0 i is the surface free energy of material i and Dg ads AB the interfacial adhesion of the system AB. From Ref. [15] the interfacial adhesion can be expressed as Dg
Calculations of the relevant energies also allowed us to estimate the equilibrium morphology of the system using the YD formula for a liquid (L) droplet on a solid (S) as a function of the surface free energies of the S and L and the interfacial energy of the S-L system:
u defines the contact angle of the droplet on the surface. Special cases are complete wetting for u ¼ 08, and a crossover from wetting to dewetting for u ¼ 908. In case that g (2) is not valid and another parameterŜ has to be defined [16] :
ForŜ ! 0 complete wetting occurs, while forŜ ( 0 droplets will form. We estimate a perfect wetting for Fe/Rh (Ŝ > 0) and Co/Pt (u ¼ 08, adhesion), and partial wetting in the case of Fe/Ag (u ¼ 66.08) and Fe/Cu (u ¼ 53.38) in fair agreement with our STM observations. The surface free energy related parameters discussed above, as well as the calculated contact angles, are summarized in Table 2 .
The problem of diffusion of clusters is closely related to the well-known problem of the diffusion of single atoms at surfaces and will be discussed in the following. Several mechanisms for cluster diffusion have been described in the literature so far. In the case of 2D clusters, such as those observed on Rh(111) and Pt(111), the diffusion can be based on either single atom processes or collective movements. In the former case the known mechanisms are sequential displacements, edge diffusion, or simultaneous evaporation and condensation [17] . The ramified lateral shape of the clusters found on Rh(111) and Pt(111) indicates a low mobility of 3d atoms along the cluster edge and negligible probability of evaporation of atoms from the clusters at room temperature. Also sequential displacements would allow the cluster to assume a compact lateral shape, which is not observed. Single atom processes thus seem to be significantly suppressed on Rh(111) and Pt(111), resulting in significantly reduced cluster mobility. We believe that despite the low mobility well-separated larger clusters are observed on these substrates because they form partly on the Xe layer in agreement with other works on BLAG in the literature. However, in the case of Pt (111) we have shown that for thin Xenon films Co entities of about a few atom size are already in contact with the metal substrate before the Xenon film is entirely desorbed [18] . This proves that in the case of strongly interacting substrates like Pt(111), entities tend to sink through the Xenon layer at an earlier stage. After warming the sample to room temperature these entities further aggregate to a certain extend via ripening processes [18] .
On Rh(111) we do not have low temperature STM data. However, due to the fact that from all substrates studied in this work, Rh(111) shows the lowest single atom and cluster mobility, we attribute the presence of well-separated clusters to cluster aggregation at an early stage on or within the Xenon buffer layer.
The same BLAG parameters on Ag(111) and Cu(100) lead to a distinctively different morphology in that clusters remain in a semi-hemispherical shape, and preferentially decorate the step edges of the substrate. Both is indicative of atomic diffusion at the cluster edges, or cluster diffusion as a whole, for instance by evaporation-condensation processes.
It is concluded that the final shape of the clusters after making contact with the substrate during BLAG is dependent on surface wetting and de-wetting, which in turn depends on the surface free energies of the substrate and cluster material. Fe clusters on Ag(111) and Cu(100) substrates are compact, with semi-hemispherical shape, and mobile enough to decorate the steps. Clusters prepared using the same BLAG parameters on Rh(111) and Pt(111) completely wet the surface and are frozen in an irregular shape, suggesting the absence of certain diffusion mechanisms such as corner crossing. Cluster migration to the step edges can happen already on the Xe layer, but is more likely a result of cluster diffusion on the metal surface as the results from the next section will show.
3.2 Buffer-layer assisted growth on molecular template layers A key question to answer is: What is the size and shape of the clusters while still situated on the Xe buffer, and how do these parameters change upon making contact with the metal substrate? Our conclusion from the previous section is that the clusters' shape and size do depend on wetting effects as well as on diffusion processes and ripening, which is mostly determined by the substrate. Our approach is now to preserve the clusters by depositing on a molecular template layer to suppress any diffusion processes after making contact with the substrate. To this end, the Ag(111) has been pre-covered with a sub-monolayer of PBP molecules prior to BLAG of clusters. PBP molecule have been found to self-organize into dense row structures on metal substrates at RT, even for sub-monolayer coverages. Adjacent rows of molecules are connected by intermolecular electrostatic or hydrogen bonding-like interaction of the type CHÁ Á ÁN [19] . The STM image in Fig. 5a shows clusters formed of 0.3 ML of Fe on 0.5 ML PBP/Ag(111) using 10 L Xenon. Two phases can be clearly distinguished. One corresponds to the known observation of compact clusters on pristine Ag(111) similar to those in Fig. 1 , showing the known features step decoration and formation of cluster groups. A zoom into this area, shown in Fig. 5b , reveals that these clusters are decorated by single molecules. The second phase consists of considerably smaller clusters, embedded in the layer of molecules, see inset.
We interpret the observed smaller cluster size on the molecular network as in the inset of Fig. 5 in terms of inhibited diffusion. When the clusters make contact with the molecular layer during Xe desorption at approximately 100 K, any ripening or diffusion is most likely suppressed when further increasing the temperature to room temperature. We thus argue that on the PBP network the clusters are preserved in their original size as on the Xe layer since thermally activated diffusion or ripening is inhibited. Comparing the size and areal density of clusters in both phases, it is obvious that the clusters on the molecule layer are randomly distributed, significantly smaller, and do not form cluster islands or decorate the steps. An estimate of the cluster height and width is complicated by the fact that clusters might be partially buried in the molecule layer, and because the molecular layer is not a good reference surface for height measurements due to its roughness and low electronic density. At intermediate temperatures, single molecules are evaporated from the molecular network and condense at the larger Fe clusters formed on the bare Ag(111) substrate, as seen in Fig. 5b .
The important conclusion of the result of the moleculeassisted experiments is the observation of significantly reduced cluster sizes on the molecular phase due to suppression of ripening processes. However, we want to comment on possible differences in the desorption dynamics of Xenon on the molecular layer and the metal substrate. As shown by Palmer et al. [20] significant diffusion, restructuring, and dewetting of the Xe occur prior to desorption which can be substrate dependent. We expect van-der-Waals forces on the bare Ag(111) substrate to be larger compared to the molecular layer. The Xenon layer in direct contact with the underlying molecular network will thus desorb at slightly lower temperature as compared to the bare substrate. This can influence the cluster size to a certain extent as shown in Ref. [19] .
3.3 Comparison of clusters formed by BLAG with epitaxially grown clusters Evidently, the size and shape of the clusters obtained by BLAG is dependent on wetting and ripening after making contact with the substrate surface. Yet, clusters formed by BLAG are distinctively different from epitaxially grown islands, as will be shown in this section. We compare the growth of BLAG-grown Co clusters on Pt(111) with epitaxially grown Co islands on the same substrate. Two typical STM images for BLAG clusters and epitaxially grown Co are summarized in Fig. 6 . The epitaxial growth for the sample in Fig. 6b was done with the substrate held at 130 K, which corresponds roughly to the temperature where Xe is completely desorbed during BLAG. In both cases the cluster height is about 2.3 Å , corresponding to a complete wetting of the substrate and the formation of monolayer islands. Differences, however, are visible again in the lateral shape. Direct deposition leads to well-known triangular shaped Co monolayer islands (Fig. 6b with a www.pss-b.com characteristic reconstruction pattern induced by the lattice mismatch of 9.4% between Co and the Pt surface). For further details on the reconstruction pattern we refer to Ref. [21] . In comparison, the BLAG clusters are significantly smaller and of irregular shape. Here, no reconstruction pattern is observed. We conclude that the BLAG clusters were not able to assume the energetically preferred triangular shape, most likely due to suppressed edge diffusion along the island edges during and after the BLAG process. In other words, the non-equilibrium shape, which is a result from cluster deposition at low temperatures, remains partly frozen in during warming up the sample to RT.
Summary
In this paper, the BLAG of sub-monolayer amounts of 3d metals on four different metal substrate surfaces was investigated. We find significant differences in the cluster morphology between the substrates studied, which we discuss as the result of differences in the surface free energies and its consequences for diffusion processes on the surfaces. We succeeded in suppressing such diffusion of clusters by performing BLAG on a molecular network, thus preserving their original size as formed on the Xe buffer layer.
Further, a comparison of BLAG clusters with MBEgrown Co islands shows that nucleation and growth during MBE results in large islands of regular shape, as a result of edge diffusion. In contrast, such processes are suppressed if the clusters are deposited as a whole, thus freezing in a nonequilibrium state of the clusters which remains up to room temperature. Our results are in agreement with the notion that BLAG is a useful method to deposit clusters of virtually any material on any substrate, but we find significant differences in the final cluster size and shape between the substrates studied. 
